An experimental comparative study between two wide-band wavelength-tunable erbium doped fiber ring lasers (EDFRLs) with the same active fiber length but with two different pumping configuration (forward unidirectional pumping and symmetric bidirectional pumping) is reported in this paper. Both fiber lasers cover almost the whole Cband and L-band with a single setup laser. The signal wavelength can be tuned in a wide range of 60 nm with the two presented lasers. Nevertheless, experimental results verify that a higher output power is obtained with the bidirectional pump configuration.
INTRODUCTION
Erbium-doped fiber lasers (EDFL) have been applied both sensing and telecommunication fields (wavelength-division multiplexing, fiber-optic sensors, optical spectroscopy, etc) due to their potential characteristics. There are basically three types of EDFL: fiber ring laser, distributed Bragg reflector (DBR) fiber laser and distributed feedback (DFB) fiber laser.
The DBR and DFB fiber laser are high-quality laser sources, but nevertheless these present some limitations. The length of the medium gain is usually short (< 10cm). As a consequence, it is very difficult to achieve the lasing with fibers of low erbium concentration and a self-pulsation can occur due to the effect of erbium ion clustering with fibers of high erbium concentration. This fundamental problem can be overcome by codoping the erbium doped fiber (EDF) with ytterbium [1] . On the other hand, it is not possible to include tunable filter for tuning the laser due to the short length of the active medium.
The erbium doped fiber ring lasers (EDFRL) is a very competitive structure to achieve simultaneously the requirements of many applications. Although the EDF has a low erbium concentration, the EDFRL can easy achieve the lasing by using a very long active fiber (>10m). Other important advantage of these lasers is the large range wavelength tunability. Tunable EDFRL can cover the conventional wavelength C-band that matches well to the gain range of the EDF. Furthermore, these lasers can also cover the long wavelength band (L-band) with an appropriate election of the EDF length [2] . The latter is important in optical communication systems, where an increase in the traffic demand requires the incorporation of the L-band. In gas sensing the development of L-band fiber lasers are also very interesting. For example, the methane gas presents a high absorption peak in the L-band [3] .
A bigger and spectrally wider amplified spontaneous emission (ASE) is generated inside the EDF, which is an advantage for this laser structure. In addition to our purposes, the ring cavity provides feedback for laser oscillation using the ASE power.
To our knowledge, in almost all published works about EDFRLs the pumping configuration used is unidirectional. The unidirectional pumping launched into the EDF in the direction marked by the isolator (forward unidirectional pump configuration) is the appropriate configuration to implement an L-band EDFRL. However, a high pumping efficiency and a high output power can be obtained using a bidirectional pump configuration [4] [5] . In this paper, an experimental comparative study between two wide-band wavelength-tunable EDFRLs covering the C-band and L-band, with the same length of the active fiber but with two different pumping configurations (forward unidirectional pumping and symmetric bidirectional pumping) is presented. It has been successfully validated in the laboratory.
EXPERIMENTAL SET-UP
The schematic setups of the two tunable EDFRLs are shown in Fig. 1 . The cavity was composed of a tunable filter, an optical isolator, a polarization controller (PC), a 3dB optical coupler and one or two 1480/1550 nm WDM's depending on the pumping configuration. The tunable filter determines the lasing wavelength of the EDFRL. A grating filter (TB9 JDS Uniphase) with a wide tunable range (>100nm) has been used. An optical isolator ensures unidirectional oscillation around the ring and a polarization controller provides an intracavity mechanism to compensate for the slight polarization dependent gain. The light is coupled out through one port of the optical coupler. In both lasers, the EDF was pumped by a 1480 nm pump laser (Keopsys Raman fiber laser). In the unidirectional pumping, the pump signal is launched into the active fiber through a WDM. In the bidirectional pumping, the EDF was pumped by the pump laser for both ends of the active fiber through a 3dB optical coupler and two WDMs. Therefore, the pump power launched into the two ends of the EDF is the same (symmetric bidirectional pump configuration).
The gain medium in the cavity was formed by two pieces of EDF (EDF x and EDF y ) separated by the optical isolator. The lengths and peak absorption at 1530nm of the EDF x are 26m and 4.4dB/m, respectively, and the ones of the EDF y are 10m and 34.5dB/m. In the first section of the EDF (EDF x ) the inversion of erbium ions populations takes place when this fiber is pumped at 1480nm, so the ASE in the C-band is obtained. The EDF y utilizes the ASE generated by the EDF x , including the forward and the backward ASE, as the secondary pump source to obtain L-band ASE [6] , and therefore to obtain the desired change in the output signal towards the L-band. In the bidirectional pump configuration, the weak ASE generated by the forward pump is amplified by the C-band ASE generated by the backward pump [5] . This causes an increase in the gain, and as a consequence, a higher output optical power will be obtained according to the unidirectional pump configuration.
In both setups, the isolator is positioned between the EDF x and the EDF y . This one allows obtain a higher output optical power in the band L. This is due to the use of the forward and backward ASE generated in the EDF x to pump the EDF y . Nevertheless, when the two sections of the EDF are followed and the isolator is placed at any point of the ring between the positions A and B (Fig. 1) , the backward ASE generated in the EDF x is absorbed by the isolator and loosed. Therefore only the forward ASE generated in the EDF x was used to pump the EDF y . 
EXPERIMENTAL RESULTS
A sample of the experimental results of the output optical spectrum of both EDFRLs working in different signal wavelengths for a total pump power of 600mW at 1480nm are shown in Fig. 2(a) and Fig. 2(b) . The tuning range of the EDFRL with the unidirectional pump configuration is 60nm (1550nm-1610nm) ( Fig. 2(a) ) and the tuning range of the EDFRL with the symmetric bidirectional pump configuration is 60nm (1540nm-1600nm) (Fig. 2(b) ). These fiber lasers present the same tuning range, therefore almost the whole C-band and the L-band is covered with the two fiber lasers. Nevertheless, the EDFRL with the bidirectional pumping starts and leaves lasing in inferior wavelengths, i.e., this one cover more C-band and les L-band. This is due to the generated ASE was displaced to the left. It can be also observed that the output optical power in both lasers is not constant in all amplification spectral range for a constant pump power. The output optical power is higher in the spectral regions where the ASE power generated is higher. Although these EDFRLs have a good signal-to-noise ratio (SNR) in the middle of the tuning range, the noise increases at the edge of that range. The noise could have been eliminated if the optical filter is placed before the output coupler. Fig.3 (a)-(b) shows the output optical power as a function of the pump power for three signal wavelengths in the two pump configurations (unidirectional forward pumping and bidirectional pumping) with the same total pump power. As expected, for each signal wavelength and all measured pump powers, a higher output optical power is obtained with the bidirectional pumping. For example, for a pump power of 600mW and a signal wavelength of 1550nm the output optical power is approximately six times higher in the bidirectional pump configuration.
In these experimentally validated EDFRLs, it has been observed that a bidirectional pumping permits achieve a higher output optical power although this implies a reduction in the long wavelength end of the tuning range. As the active length exhibits an influence in the short and long wavelength ends of the tuning range, a possible solution to achieve an EDFRL with a bidirectional pump configuration and a tuning range that covers more L-band, and without reduction of the output power is an increase of the active fiber length. 
